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Introduction

The role of abnormalities of autonomic
neural activity in the genesis and progres-
sion of cardiac disease has been recognized
since the early ’60s and continues to re-
ceive considerable attention. A large body
of evidence has extended this role from the
facilitation of acute events, such as my-
ocardial ischemia and arrhythmias, to the
induction of slowly developing processes
which, albeit initially adaptive, may finally
contribute to heart failure. Part of this evi-
dence derives from experimental studies in
which neural activity or the humoral index-
es reflecting it have been directly meas-
ured. Nonetheless, a pivotal contribution
has been provided by clinical studies. In-
deed, in these studies direct measurements
were replaced by the evaluation of “auto-
nomic indexes”, such as heart rate variabil-
ity1 and baroreflex sensitivity2,3, all derived
from the measurement of sinus node cycle
length. The use of the sinus cycle length as
a surrogate measurement of autonomic
neural activity implies the following as-
sumptions: 1) the cycle length is under the
control of autonomic nerves; 2) the relation
between autonomic activity and cycle
length, i.e. the input/output relation of the
transduction taking place in the sinus node,
is linear. While the former assumption is
based on strong evidence, the latter has re-
cently been questioned on the basis of ex-
perimental results and critical reconsidera-
tion of previous studies. The purpose of this
review was to summarize such findings and
to discuss their potential impact on the in-
terpretation of commonly used autonomic
indexes.

The input/output relation
of pacemaker cells

The relation between the cycle length
and the neuromediator concentration at the
effector synapse may play a central role in
establishing how neural discharge translates
into the sinus cycle length. This relation has
recently been investigated by systematic
analysis of the effect of acetylcholine on the
pacemaker activity of isolated sinoatrial my-
ocytes4, which is endowed with spontaneous
variability5. The pacemaker cycle length
was measured, on a beat-to-beat basis, along
with all the action potential parameters that
concur to it. Time series of values were gen-
erated from each parameter and analyzed
with the methods peculiar to time-domain
analysis of heart rate variability. The results
of this study can be summarized as follows:
• acetylcholine prolonged the mean cycle
length in a dose-dependent fashion, the re-
lation between the cycle length and acetyl-
choline concentration strongly diverging
from linearity;
• acetylcholine-induced cycle length pro-
longation was associated with a decrease in
the diastolic depolarization rate (DDR),
with negligible changes in the threshold po-
tential (Vth). The relation between acetyl-
choline concentration and DDR was linear;
• acetylcholine dose-dependently increased
the variability of the cycle length, expressed
either as standard deviation (SDNN) or as
coefficient of variation (CVNN), but did not
modify the variability of DDR and Vth;
• an increase in the variability of the action
potential duration (APD) was also ob-
served, probably as the result of enhanced
cycle length variability.
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The non-linearity of the relation between cycle
length and acetylcholine concentration is implicit in
the mechanism by which the former is generated and
modulated by acetylcholine. The pacemaker activity
of sinoatrial cells depends on the progressive mem-
brane depolarization developing during the diastolic
interval (diastolic depolarization) till a voltage thresh-
old necessary in order to elicit the action potential is
achieved (Fig. 1A)4. The duration of the diastolic in-
terval could be modulated by changing either the DDR
(in mV/s) and/or the Vth. Consistently with a number
of previous observations on the neurohumoral modula-
tion of pacemaking in different preparations6-9, acetyl-
choline-induced prolongation of the cycle length
mainly resulted from a reduction in the DDR. The cy-
cle length can be related to action potential parameters
by the following function:

cycle length = APD + Vth/DDR (1)

This equation predicts that the cycle length may de-
pend on the Vth in a linear fashion, but its relation with
the DDR may be hyperbolic. A hyperbolic relation was
indeed found experimentally (Fig. 1B) and it implies
that the magnitude of the cycle length changes result-
ing from a given change in the DDR may depend on
the initial value of the latter. Thus, DDR fluctuations
of equal magnitude will have a larger impact on the cy-
cle length whenever they occur during bradycardia
(low baseline DDR) than when they occur during
tachycardia (high baseline DDR). This implies that the
SDNN may be intrinsically related to the mean cycle
length. 

The observation that the CVNN, which represents
normalization of the SDNN to the mean cycle length,
was still increased by acetylcholine is more difficult to
explain. In order to clarify this point and to provide a
quantitative test for the hypothesis that acetylcholine-
induced changes in cycle length variability might be ac-
counted for by the relation described in equation 1, we
developed a numerical model4. In the latter, cycle
length variability was simulated by random fluctua-
tions of the DDR around a mean value, which was sub-
jected to modulation by acetylcholine; moreover, the
APD was related to the preceding diastolic interval ac-
cording to a linear function derived by the interpolation
of experimental data. The model was able to accurately
reproduce all the experimental findings and provided
independent estimates of action potential parameters
closely matching the measured values4. This led to the
conclusion that, due to the shape of the relation be-
tween cycle length and DDR, any condition leading to
depression of the mean DDR will simultaneously in-
crease the mean cycle length and its variability, ex-
pressed either as SDNN or CVNN. Support to this view
and further validation of the model were provided by
the evidence that other interventions affecting the DDR
of sinoatrial myocytes, such as �-adrenergic stimula-

tion and temperature changes, also modulated cycle
length variability, in agreement with numerical predic-
tion4.

The model helped to clarify the mechanism by
which also the CVNN may be intrinsically dependent
on heart rate. This mechanism can be understood by
splitting the cycle length into its two components, i.e.
the APD and the diastolic interval, as shown in figure 2.
Panel A of this figure shows that 1) the coefficient of
variation of the diastolic interval is large, but indepen-
dent of the cycle length; 2) the coefficient of variation
of the APD is small, but increases at longer cycle
lengths. While the contribution of the latter to the cycle
length-dependent increase in the CVNN may be small,
an additional mechanism is provided by the fact that the
proportion of the cycle length accounted for by the di-
astolic interval (having the largest variability) is in-
creased at longer cycle lengths (Fig. 2B). In other
words, the CVNN is expected to increase at longer cy-
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Figure 1. Relationship between action potential parameters and the si-
nus node pacemaker cycle. A: pacemaker cycle recorded from a sponta-
neously active sinoatrial myocyte and the parameters determining it. B:
relationship between the cycle length (CL) and the diastolic depolariza-
tion rate (DDR) recorded from a single sinoatrial myocyte during expo-
sure to increasing acetylcholine concentrations (dots); the solid lines
represent the function described by equation 1 (see text). APD = action
potential duration; DI = diastolic interval; Vth = threshold potential.
From Rocchetti et al.4, with permission.
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cle lengths, mainly because of an increase in the weight
of the cycle component having the largest variability
(i.e. the diastolic interval).

To summarize, experimental results and model sim-
ulations concur in suggesting that cycle length variabil-
ity might have an intrinsic dependency on the mean
heart rate. In this context the term “intrinsic” signifies
that heart rate changes per se, whether or not reflecting
changes in autonomic activity, may affect heart rate
variability. This is a novel interpretation; indeed, a cor-
relation between cycle length variability and the mean
heart rate had long been observed, but it was consis-
tently explained on the basis that both indexes were de-
pendent on autonomic activity10. 

Experiments in sinoatrial myocytes showed that, as
expected from their effect on pacemaking, muscarinic
and �-adrenergic agonists exerted opposing effects on
cycle length variability. However, in the clinical setting,
cholinergic modulation may be superimposed on a
variable degree of sympathetic activation, a condition
not tested in our experiments. Thus, the question may
arise on how concomitant adrenergic stimulation may
affect acetylcholine-induced changes in cycle length
variability. Fortunately, the mechanism of interaction
between muscarinic and adrenergic receptors in the
modulation of the ionic currents underlying the pace-
maker function has been clarified to the extent that pre-
dictions on this matter are reasonable11,12. �-adrenergic
and M2-muscarinic receptors compete in regulating the
intracellular cAMP concentration, which is also a com-
mon step in the modulation of the currents underlying
the DDR (mainly If) and the Vth (mainly ICaL)13. For this
purpose, the role of other cholinergic or adrenergic re-
ceptors can be considered negligible. Thus, the effect of
muscarinic/adrenergic antagonism on the sinus node
can be accurately reproduced by reciprocal changes in
DDR and Vth, both contributing to change the cycle
length. The numerical model predicts that the relation
between SDNN and heart rate would be the same

whether the changes in heart rate were caused by DDR
modulation alone, or by concomitant DDR and Vth
changes such as those resulting from choliner-
gic/adrenergic antagonism. This is simply a conse-
quence of the mathematical relation linking DDR and
Vth to the cycle length and predicts that the rate-depen-
dency of heart rate variability indexes, observed during
exposure to acetylcholine alone, should be also present
when adrenergic activation is superimposed.

The input/output relation of the sinus node

As mentioned above, the use of the cycle length as
a surrogate measurement of autonomic neural activity
relies on the postulate that these variables may be lin-
early related to each other. The ground for such an as-
sumption was provided by studies in which vagal neur-
al activity and heart period were simultaneously meas-
ured in anesthetized animals14,15. The results of such
studies were indeed compatible with a linear relation
between the vagal firing rate and the heart period. 

How can these findings be reconciled with the hy-
perbolic dependency of the cycle length on the agonist
concentration found in isolated myocytes? 

It is theoretically possible that the non-linearity in
acetylcholine release as a function of the neural firing
rate may exactly compensate the non-linearity of the
cell response to the agonist, thus resulting in an over-
all linear response. Besides being unlikely, this hy-
pothesis cannot be tested because the acetylcholine
concentration available at the effector synapse cannot
be measured directly and its indirect estimates are
largely speculative. A second possibility is that, within
the range of the cycle length modulation tested exper-
imentally, the non-linearity of the process might have
been overlooked. We considered this possibility by
testing whether the (non-linear) numerical model de-
veloped from our single cell experiments4 might re-
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Figure 2. Model interpretation of the rate-dependency of the coefficient of variation (CV) of cycle length. Simulations were performed by using action
potential parameters measured from rabbit sinoatrial myocytes4. A: cycle length dependency of the CV of the diastolic interval, cycle length and action
potential duration. B: cycle length dependency of the proportion of the pacemaker cycle accounted for by the diastolic interval (see text for explana-
tion). Abbreviations as in figure 1.
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produce the observations made in animal studies16.
The model was applied, with its original parameters, to
three classical studies most often quoted to support the
linearity of the cycle length as an index of neural ac-
tivity. All the experimental findings could be satisfac-
torily reproduced by the non-linear model. In particu-
lar, the results of the analysis showed that within a re-
flex response (e.g. baroreceptor activation) the non-
linearity can be hardly detected, but its impact be-
comes relevant when the same reflex is elicited start-
ing from a different cycle length, a condition that, to
the best of our knowledge, has not been tested experi-
mentally. 

Altogether, this leads to the conclusion that there is
no evidence against the possibility that the non-lineari-
ty of the response, detected in single pacemaker ele-
ments, might also characterize cycle length modulation
by neural activity in vivo.

Implications

The non-linearity in the cycle length response to
neural activity would translate into an intrinsic rate-de-
pendency of the cycle length variability indexes4 com-
monly used in the assessment of autonomic function.
On the other hand, changes in the autonomic balance
are expected to modulate the heart rate and its variabil-
ity independently of each other. Thus, the possibility of
an intrinsic rate-dependency may generate confusion in
the interpretation of autonomic indexes and should be
considered with care. This point can be illustrated by
the following examples.

In a study by Tsuji et al.17 on a large cohort of pa-
tients from the Framingham study, heart rate was found
to be an independent determinant of cycle length vari-
ability, accounting for 22.6% of its global variance. The
natural log (ln) of SDNN was linearly related to the
mean heart rate, with a regression coefficient of -0.17
ms per 10 b/min. Mechanistic interpretations of such a
correlation may range between two extremes: 1) the
same factor (neural activity) controls both heart rate
and SDNN independently; 2) SDNN is an intrinsic
function of heart rate, irrespective of the mechanisms
(neural or non neural) determining the latter. Although
we cannot provide conclusive evidence to discriminate
between these hypotheses, it is possible to test whether
the rate-dependency of the SDNN might account for
the observed correlation in both qualitative and quanti-
tative terms. To this end, we performed model simula-
tions entirely based on parameters measured from
sinoatrial myocytes. Such simulations closely repro-
duced the curvilinear relation between SDNN and heart
rate observed in the Framingham population; after ln
transformation of the SDNN, the estimated relation
was fitted by linear regression with a coefficient -0.16
ms per 10 b/min. This would suggest that the correla-
tion between cycle length variability and the mean

heart rate observed in a large population of human sub-
jects may be almost entirely accounted for by the in-
trinsic rate-dependency of SDNN. Since there is little
doubt that autonomic balance may affect the SDNN in-
dependently of heart rate, the close similarity between
the measured and estimated regression coefficients
might seem surprising. Nonetheless, it should be con-
sidered that, in the Framingham population, the relation
between SDNN and heart rate emerged after the effect
of other sources of variance potentially related to the
autonomic balance had been removed (by a multifacto-
rial design). This would tend to minimize the rate-inde-
pendent contribution of autonomic balance to the vari-
ance of the SDNN. Thus, although the SDNN may also
depend on the autonomic balance, it may be that the re-
gression coefficient reported by Tsuji et al. reflects the
intrinsic rate-dependency of cycle length variability. In
the light of this, the similarity between the measured
and estimated coefficients suggests that the model
might provide reasonable quantitative estimates of the
rate-dependency of the SDNN in humans. Since the
model parameters were measured from myocytes of
rabbit, a species with heart rates much higher than
those of humans, this may seem surprising. Information
from comparative studies of species with a wide range
of heart rates suggests that their sinus node action po-
tentials may differ in terms of duration, with the re-
maining parameters being remarkably constant18. A
longer action potential may partially account for the
longer pacemaking cycle length. To test whether this
difference might affect the model predictions on the
rate-dependency of the SDNN, we adjusted the action
potential parameters in the model so as to simulate
those found in the pig, an animal with a heart size and
pacemaker rates similar to those of humans. Under
these conditions, the relation between the ln of the
SDNN and heart rate had a regression coefficient of
-0.19 ms per 10 b/min, i.e. still close the one reported
for humans by Tsuji et al.

A recent study19 evaluated the modulation of auto-
nomic indexes by zatebradine, a pure “bradycardic
agent”, the action of which is based on the selective
blockade of the pacemaker current If in the sinus
node20. The drug was found to prolong the cycle length,
increase the CVNN and enhance baroreflex sensitivity.
However, the ratio between the low and high frequency
(LF/HF) spectral components of cycle length variabili-
ty was not modified by zatebradine. In keeping with the
current interpretation of autonomic indexes, it was sug-
gested that changes in the CVNN and in baroreflex sen-
sitivity reflect an effect of zatebradine on autonomic
balance19. Although possibly at odds with this interpre-
tation, the lack of changes in the LF/HF was not dis-
cussed. However, since zatebradine decreases heart rate
via its direct effects on the sinus node, the alternative
hypothesis should be considered that the drug-induced
increase in the CVNN might simply reflect the intrinsic
rate-dependency of cycle length variability. The same
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argument applies to the baroreflex sensitivity, which is
also based on cycle length measurements and may suf-
fer from the same ambiguities discussed for the time-
domain heart rate variability indexes16. This interpreta-
tion would also be consistent with the lack of any drug
effect on the LF/HF, an index which we found to be un-
affected by the non-linearity of the sinus node
input/output relation16. Of course, a genuine effect of
zatebradine on the autonomic balance cannot be ruled
out, but a positive conclusion based on the CVNN and
baroreflex sensitivity measurements seems equally un-
warranted.

Conclusions

The above discussion leads to the following conclu-
sions: 1) assuming the cycle length to be a linear index
of neural activity may be unjustified; 2) if the relation
between neural activity and the cycle length were dom-
inated by the non-linear relation observed in isolated
sinoatrial myocytes, the time-domain heart rate vari-
ability indexes would be intrinsically dependent on the
mean heart rate. It is fair to stress that, although sever-
al observations are consistent with it, the latter hypoth-
esis remains to be proven; thus, the implications of our
analysis should be considered as hypothetical. None-
theless, the analysis highlights the potential conse-
quences of the current assumptions, which are equally
unproven and in the light of the observations on single
sinoatrial myocytes, likely to be incorrect. 

The rate-dependency of the time-domain heart rate
variability indexes would be particularly relevant for
conditions/interventions potentially associated with
changes in the intrinsic pacemaker properties of the si-
nus node. In such cases the determination of indexes
devoid of potential rate-dependency, such as the LF/HF
ratio, may help to resolve the ambiguity. On the other
hand, it is important to recognize that the concept of the
intrinsic rate-dependency of heart rate variability
would not be in contrast with the well established no-
tion that heart rate variability may be sensitive to neur-
al autonomic activity and can be affected by it indepen-
dently of changes in the mean heart rate. 
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